This paper reviews studies performed by the authors and by others on the levels of high energy phosphate compounds-adenosine triphosphate (ATP), adenosine diphosphate (ADP), and creatine phosphate (CP ) -of cardiac muscle under various conditions influencing contractile force. Interference with energy metabolism decreases both contractile force and high energy phosphates, especially CP. Certain types of experimental "failure" are associated with decreases in high energy phosphates; however, other types of "failure" occur without significant decreases in these phosphates. In addition, marked decreases or increases in contractile force, independent of significant changes in high energy phosphates, can be produced by drugs, by changes in heart rate, or by alterations in extracellular concentrations of cations. A decrease in force when levels of high energy phosphate are normal may be attributed to a deficiency in the utilization of these energy stores for mechanical work. The nature of this deficiency has been analyzed in isolated cat papillary muscles by simultaneously determining the activity oxygen consumption and contractile force per beat. In the case of decreases in contractile force due either to reduced heart rate or to spontaneous heart failure, the deficiency may be attributed almost completely to a loss in efficiency in the conversion of chemical energy in the high energy phosphates to mechanical energy (work). Cardiac glycosides, in restoring contractile force, do so by restoring the efficiency of this conversion. In the case of decreases in contractile force resulting from lowered extracellular Ca`, the deficiency may be attributed partly to a loss of efficiency in this conversion and partly to a reduction in amount of high energy phosphate utilized per beat.
IT IS NOW generally agreed that the energy for muscle contraction comes either directly or indirectly from the splitting of high energy phosphate bonds. Although there may be other compounds that account for a small percentage of the total high energy phosphate bonds of cardiac muscle, it is reasonably certain that 90 per cent or more of such bonds occur in adenosine triphosphate (ATP) and creatine phosphate (CP).1 2 In cardiac muscle under steady-state conditions, it may be assumed that the rate of utilization of high energy phosphate bonds for mechanieal work and for other processes in which free energy is required is balanced by the rate of resynthesis of high energy phosphate bonds as a result of the coupling of phosphorylation with metabolism of food stuffs, primarily oxidative metabolism. If the energy for contraction is derived from high energy phosphate bonds, then it might be expected that some correlation could be found between the level of the principal high energy phosphate compounds in heart muscle, namely ATP and CP, and the strength of contraction. The first part of this paper will deal with the results of experiments carried out in the laboratories of the authors, as well as in other laboratories, to investigate the relationship between high energy phosphate content and the contractile strength of cardiac muscle. The inescapable conclusion to be drawn from these results is that under many conditions which markedly alter the contractile strength of heart muscle there is no corresponding alteration in the levels of high energy phosphate compounds. These results have led US3, 4 to postulate, as Wollenberger5 did previously, that decreases (AMP) . Some of these values apply to hearts in situ, some to heartlung preparations (HLP), and some to isolated, beating cardiac preparations in vitro. All of the preparations were under control conditions in the sense that contractile strength was at a study level and there was no indication of "failure." Table 1 shows that ventricular muscle CP ranges from about 7 to 12 micromoles/gram and ATP from about 3.5 to 5.5 micromoles/-gram. The levels of ADP are much lower than those of ATP, ranging from about onefourth to one-twentieth of the latter in the different preparations. The differences in the levels of both ATP and CP reported by different authors probably are due in part to the use of somewhat different procedures and in part to actual differences in levels among species. It would appear that in heart-lung preparations and in isolated papillary muscle in good physiologic condition, the FURCHGOTT, LEE The effect of acute asphyxia and subsequent recovery from asphyxia on creatine phosphates and ATP in guinea-pig heart in situ. Each pair of points at any given time represents levels in a single animal, except for pair of points at zero time, which represents mean levels in control animals. Asphyxia was started at zero time. Continuous falling curves are fitted to points obtained with 8 animals subjected to varying periods of asphyxia. Rising curves are fitted to points obtained with 6 animals after varying periods of recovery after resumption of artificial respiration ("air") after 8 minutes of asphyxia. (Data of Feinstein7 used with his permission.) levels of CP and ATP are essentially the same as those found in the heart in situ9-" in any given species. The ATP and CP levels in atria ( Figure 1 shows his findings on the levels of ATP and CP at various times after the onset of asphyxia and also at various times during the recovery from asphyxia. The fall in CP was much more rapid and extreme than the fall in ATP. Moreover, after reinstitution of artificial respiration, CP returned to essentially the control level within about 10 minutes, whereas ATP showed only a slight recovery over a period of almost 20 minutes. In most of the animals used, the left intraventricular pulse Circulation, Volume XXIV, August 1961 90% arises from terminal phosphates of ATP. pressure was continuously followed over the course of the experiment, and in some animals the "maximal isometric pressure" that the left ventricle could produce was determined at intervals by temporary complete constriction of the ascending aorta. Using "maximal isometric pressure" as an index of contractile strength, it appeared that contractile strength was close to normal as long as the level of CP was at least 20 to 30 per cent of the control level, but that decreases of CP to still lower levels were associated with marked decreases in contractile strength. In the recovery period, after reinstitution of artificial respiration, contractile strength was essentially back to normal by the time (less than 1 minute) CP had been restored to about 30 per cent of the control level, even though there was no increase in ATP above its depressed level within the same period.
From his experiments on cardiac asphyxia in situ' Feinstein concluded that there was no correlation between decreases in contractile strength and decreases in ATP content, but a fairly good correlation between decrease in strength and extreme decrease in CP content. Hoehrein and During,9 on the basis of their results with guinea-pig heart- able to impair the contractile strength of the dog heart-lung preparation markedly without producing a significant fall in the high energy phosphate content of the ventricular muscle.
The fall in contractile strength produced by cardiac glycosides at the toxic dose level was accompanied by significant decreases in both CP and ATP. However, this is not too surprising in view of the recent findings of Lee et Three types of preparations have been used for concomitant studies of mechanical failure and high energy phosphate compounds in heart muscle. One type is the isolated cardiac preparation, such as the papillary muscle of the cat or the left atrium of the guinea pig, suspended in a physiologic medium and driven at a constant rate by electric stimulation. Such preparations will undergo spontaneous failure, as indicated by a loss of contractile force, in the course of several hours. A second type is the heart-lung preparation, which also will undergo failure spontaneously over a period of several hours, even when there is no change in aortic resistance or venous reservoir pressure during the course of an experiment. This second type of preparation can also be made to go into failure at a faster rate by increasing the venous return (extreme volume-loading) or at still a faster rate by increasing the aortic resistance. A third type of preparation is that in which failure is brought about in situ, either acutely or chronically, either by constricting the aorta or by constricting the pulmonary artery along with avulsion of the tricuspid valves. Chronic failure brought about by these procedures produces changes in the whole animal very similar to those seen in patients with congestive heart failure. Table 4 gives the results of several investigations carried out with these different types of preparations. Acute spontaneous failure occurred in the isolated cardiac preparations3 4 and in the dog heart-lung preparation18 with no decrease in high energy phosphate levels. On the other hand, acute failure in the guinea-pig heart-lung preparation brought about by extreme volume-loading,9 and acute failure of the rat heart in situ produced by marked constriction of the aorta22 were both associated with significant falls in high energy phosphates. In chronic heart failure initiated by stress on the right side of the heart, Olson and Piatneck23 found no significant change in levels of high energy phosphates. However, in chronic heart failure initiated by stress on the left side of the heart, Feinstein did record significant decreases. 7 In those cases of failure in which there was no significant change in high energy phosphate levels, there is again a clear dissociation of contractile strength and useful energy stores. Such cases of failure have therefore been attributed to a deficiency or impairment in the utilization of high energy phosphate stores for mechanical work.35 23 24 In the case of acute failure in the guinea-pig Circulation, Volume heart-lung preparation with extreme volumeloading, and in the rat heart in situ with aortic constriction, we feel that the fall in high energy phosphates may be largely due to the demand for oxygen to support an increased work load, that exceeds the supply of oxygen delivered through the coronary circulation-thus, leading to an adverse metabolic condition in the heart musele.
In The indirect approach developed by one of us (K.S.L.) involves the use of the isolated, electrically driven cat papillary muscle in an experimental set-up that permits the simultaneous measurement of contractile strength (usually isometric contractile tension) and rate of oxygen consumption (calculated from the fall in oxygen tension registered with a platinum "oxygen electrode" in a continuous-flow system).25 With this set-up one can first obtain the "resting" oxygen consumption of the unstimulated, quiescent muscle at a fixed resting tension and then the "total" oxygen consumption when the muscle is stimulated at the desired frequency at the same resting tension. The difference between the rates for total and resting oxygen consumption gives the rate of extra oxygen consumption required for contractions under the given experimental condition. From this rate and the frequency of contraction one can readily calculate the extra oxygen consumed per beat.
Bing26 has stressed the need for using the activity oxygen consumption of cardiac muscle rather than the total oxygen consumption, if one wishes to calculate the chemical energy used for the contraction process only. However, to obtain the activity oxygen consumption of the intact heart (or of the left ventricle) one must be able to determine its oxygen consumption in the arrested state, with good coronary circulation and with intraventricular volume maintained at the mean diastolic volume of the active heart. These requirements are extremely difficult to meet; and the best procedure so far used for arresting the intact heart-namely, that of markedly increasing the K+ coneentration of the blood27-is open to some criticism.
In contrast to the experimental difficulties hindering the determination of activity oxygen consumption in the intact heart is the ease with which it can be determined in the isolated cat papillary muscle. Figure 2 shows both the resting and the activity oxygen consumption of cat papillary muscle, driven at a frequency of 60 per minute, as a function of resting tension.* Since the resting oxygen consumption, which is the sum of the consumption at zero tension (" basal resting" oxygen consumption) and the extra consumption resulting from the application of tension ("tension" oxygen consumption), considerably exceeds the activity oxygen consumption at all tensions, it is apparent that the use of total oxygen consumption for the estimation of chemical energy required for mechanical work will give values that are much too high. Figure 3 is a plot of data from a typical experiment in which the activity oxygen consumption and the contractile tension of a papillary muscle were determined simultaneously. The difference between the steadystate level of the oxygen-tension curve during rest and during contraction at a fixed frequency can be used directly for calculations of the rate of activity oxygen consumption. By dividing the activity oxygen consumption per beat into the contractile tension at the steady-state level, one can obtain an index of the mechanical efficiency of the cardiac muscle under the experimental condition used. It is postulated in this discussion that the activity oxygen consumption is a measure of the extra oxidative energy required for the synthesis of those high energy phosphate bonds used for contraction, and that the index of mechanical efficiency, obtained as outlined above, is a measure of the efficiency for conversion of the chemical energy available in these bonds into mechanical energy in the form of work. It is also postulated that a comparison of indices of efficiency under different experimental conditions will enable one to determine whether the efficiency of this chemical-mechanical conversion is altered. These postulates are valid only if the 4 following assumptions are valid: (1) that the efficiency of oxidative phosphorylation remains constant; (2) that the resting oxygen consumption which meets the needs of all energy-requiring processes other than contraction is the same for the quiescent and for the stimulated muscle; (3) that oxidative metabolism is essentially the exclusive means of energy production and that glycolysis is insignificant; (4) that the force of isometric contractions is practically proportional to work which would be done in isotonic contraction. It must be admitted that at present there is no experimental evidence available to either prove or disprove the validity of assumptions (1) and (2) . On the other hand, the validity of assumption (3) Tables 5 and 6 show the effects of variations in resting tension at constant frequency of stimulation (60 per minute) and the effects of variations in frequency at constant resting tension. In the experiment at constant frequency, efficiency reaches a maximum at a resting tension of 4 Gm./mm.2 and then falls off at higher tensions. The finding of an intermediate resting tension at which the index of mechanical efficiency is highest is not too surprising in view of earlier work on the intact heart, which indicated that the ratio of measurable external work to total oxygen consumption is maximal at an intermediate level of left ventricular diastolic volume. 28 In the experiment at constant resting tension (table 6), the index of mechanical effi- the contractile response initiated by the aetion potential. It was proposed that, at low frequencies associated with small contractions, the rate of the activation process was so slow that the degree of activation attained by the time of the next action potential was relatively small; and that, at high frequencies associated with large contractile responses, the rate of the activation process was very much faster, so that the degree of activation at the time of the next action potential was relatively great. In view of the present findings, it appears that this proposed activation process may in reality be a process of restoration of a state in the muscle that determines the efficiency of the conversion of chemical to mechanical energy. In table 7 are the results of an experiment on spontaneous failure and recovery from failure after addition of a cardiac glycoside. It is apparent that the failure is due primarily to a loss in mechanical efficiency, rather than to a loss in energy production, and that the recovery from failure with ouabain is due to an increase in mechanical efficiency rather than to an increase in energy production. These results, also, are not too surprising in view of older work on intact hearts, which indicated that certain types of failure were associated with a decrease in the ratio of measurable external work done by the heart to total oxygen consumption of the beating heart, and that recovery from failure with cardiac glycosides was associated with an increase in this ratio. 30 However, it was impossible to separate activity oxygen consumption from total oxygen Circulation, Volume XXIV, August 1961 consumption in these earlier studies, and thus the changes in overall efficiency could not be claimed to demonstrate directly changes in the efficiency of the conversion of chemical to mechanical energy in the contraction process alone. The present findings, on the other hand, do support strongly the concept that there is a loss of efficiency in this conversion in spontaneous failure, and a recovery of efficiency during the restorative action of cardiac glycosides. Table 8 shows the results of an experiment in which the calcium content of the incubation medium was varied over a wide range. With increases in calcium there is an increase in activity Qo2, contractile tension, and the index of mechanical efficiency. From the data one may conclude that the increase in contractile tension with increase in calcium is due in part to an increase in chemical energy utilization per contraction and in part to an increase in efficiency of the conversion of this energy into mechanical energy. Thus, the reduction of the contractile force brought about by reduction of the extracellular calcium is probably attributable both to a decrease in the utilization of high energy phosphate bonds per contraction and to a decrease in efficiency in the conversion of the chemical energy of those bonds used into mechanical energy.
From the results of experiments such as those discussed in this section we may conclude that in many experimental conditions in which a decrease in contractile force has been attributed to a deficiency in the utilization of high energy phosphates for contraction, the deficiency is in large part, and sometimes almost exclusively, due to a loss in efficiency in the conversion of chemical energy of high energy phosphate bonds into mechanical energy. This conclusion is admittedly based on interpretations, the correctness of which depends on the validity of certain assumptions that have not yet been strictly proved. However, the conclusion presents an interesting working hypothesis, and confronts us directly with the problem of what factors control the efficiency of utilizaCirculation, Volume XXIV, August 1961 tion of high energy phosphates for mechanical work in heart muscle. Speculation about these factors is beyond the scope of the present paper.
